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Abstract Either by sdlective breeding for population
divergence or by using natural population differences,
=, and advanced generation hybrids can be developed
with high variances. We relate the Sze of the genetic
rariance to the population divergence based on afor-
vard and backward mutation model at a locus with
‘wo dleles with additive gene action. The effects of
>opulation Sze and initid gene frequency are dso
sxplored. Larger parental population sizes increase the
F, genetic variance if the initid probability distribution
5 uniform or U-shaped. However, population Size has
:he oppogdte effect if the initid digribution of gene
‘requencies IS skewed such as it would be with newly
arriving aldles. These dldes contribute to the genetic
variance sooner when the selection pressure is higher or
when the effective population Sze issmdler.
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Introduction

When isolated populations have been subjected to
long-term sdlection but with divergent selection goals,
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an inter-ooyulation genetic variance is created. The
genetic variances in “hybrid populations crested by
inter-crossing and in advanced generations of hybrids
are functions of divergence in dlele frequencies among
the parent populations. In this paper, smple theoretica
modds for the genetic variance of the F, population
are investigated and the effects of the magnitude of
divergence in sdlection, of population size, and of the
initid probability digribution of gene frequencies in
the parentd populations are explored.

Theoretical models for F variance in crosses involving
divergently selected lines

Slatkin and Lande (1994) analyzed models for the gen-
etic variance in the F, generation based on the multi-
variade norma, house-of-cards, and pleiotropic  models
put forward earlier; These modes consider isolated
populations for which drift and mutation processes
yield different combinations of genes. For these models,
means and genetic variances within the parenta popu-
lations are equd. Differences in dlde frequencies and
combinations contribute to the segregation variance in
the F, generation. The magnitude of the segregation
variance expressed in the F, generation depends on the
type of genetic variaion resulting from mutetion. If
vaiation is due to numerous dleles of moderate or
small effect, the segregation variance increases linearly
with the time of separation (Slatkin and Lande 1994).
Because gtahilizing selection imposes only a single con-
gtraint on the mean of the character, most aleles a the
underlying loci are free to drift. When varidion is
maintained by low-frequency aleles, the increase in
Ssegregation variance is likely to be smal under stabiliz-
ing selection.

These models are extended here to include divergent
sdection between populations. We first consder
a smple case with two aleles at a single locus segregat-
ing in divergently sdlected lines.
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Under the single locus, two-alele model, two scen-
aios are considered. In the first case, it is assumed that
dldes in populaions from different environments are
under different natural sdection pressures, where the
selection coefficient for an alele changes between popu-
lations depending on the environment, and within each
population a dteady-state digtribution of gene frequen-
cies is reached based on a mutation-selection-drift bal-
ance. When fitness is not dengity dependent, Wright
?1969) showed that the dteady-state distribution of gene
requencies under selection, mutation, and drift is:

Q) = Ceréhss gt - g v
1

C = / fed»quqANu—l(l _'q)ﬂoNv-ldq (2)
0

where N is effective population size, s is the sdlection
coefficient, and ¢ and v are per locus forward and
backward mutation rates.

For the second case, the distribution of gene frequen-
ciesin intermediate generations before steady-date is
reached is considered. Here, a mutation occurs once at
a locus in the population, and divergent selection takes
place by selecting in opposing directions between the
two different populations. The distribution of gene fre-
guencies in intermediate generations is obtained by
numericad methods using trangtion probability ma
trices. Let P(N, Ns) denote the square matrix with
dements Py defining the Wright-Fisher stochadtic
Process.

P, _ (2N ) (@ + Ag¥(L = g = AN )

(0 <j,k <2N) (Ewens 1979

where g = j/2N, and Aq = sq(1 -~ q) is the expected
change in gene frequency per generation, s = ia/g.
(i = sdlection intengity, ¢ = phenotypic standard devi-
ation) The expected frequencies of genes a generation
¢ with initid frequency j/(2N) can be represented by the
VeCtOI‘ v(t, N, Ns). Thenvq, = j/2N), and (¢, N, Ns)
= P(N, Ns) (t -~ 1N, Ns) (H|II and Rashbash 1986)

The basic assumptions of the model are as follows:

1) Additive gene action (no dominance)
2) No linkage disequillibrium in Fg, Fy, and F,
3) Loci are independent
4) No mutetion is consdered after the F; crosses
5) Panmixia

Under congant environmenta conditions the gene
frequencies of an infinitely large population will main-
tan a seady-dae determined by counteracting but
systematic pressures of selection, migration and muta:
tion. This dationary didribution of gene frequencies
can be considered in three different ways. First, it may
be taken as the relative frequencies of vaues of ¢ at
a paticular locus over alarge number of generations
consdering dl conditions to be congtant. Second, it
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may be conddered as the probability distribution of the
frequencies of al loci having the same systematic pres-
sures of the same magnitude in a population. Finaly, it
can represent the probability distribution of gene fre-
quencies & a particular locus in a number of random
isolated populations of the same size (Li 1976).

In the following andyses, we firg consider asingle
locusin a hybrid population derived from a sample of
parental populations. We then extend the modd to
multiple, unlinked, independently acting loci and use
the stationary distribution as the probability distribu-
tion of the frequencies of dl loc having same system-
atic pressures of the same magnitude in a population.

Based on the steady-dtate distribution of the gene
frequencies, we can obtain the mean and expected gen-
etic variance a a single locus for a population using the
formulae:

Mean = a[p - 4] (4)
Genetic variance = 2pqa? (%)
where p and g are dlele frequencies, and a is the average

effect of gene subdtitution. From the preceding, the
mean per locus can be expressed as

i

E(Y) = 3 (P(g; Ns, Np, Nv)) a[(1 - 2g:)] dg; 6)

Based on Egs. 1 and 5, the expected per locus genetic
variance s,

E(V) = g (P(g; Ns, Nu, Nv)) 2(1 = g)(g1)a*dai (1)

The mean and variance per locusin the F, population
generated by inter-crossing the F; progeny obtained
from the cross between the divergent parenta popula
tions is based on the gene frequencies in the parenta
populetion. In the F,, a gene frequency which is equd
to the average of the two parental populations can be
expected. Then, based on the gene frequencies of the
parental populations, the mean and genetic variance at
alocusin theF, can be seen as

Mean (F) = a[(1=(q1 + 92)/2) = (@ + 9221 (8)
Genetic variance (F,) = (1 = (g1 + 42)/2)(q; + g2)a®
)

Mean (Mr,) and genetic variance (V) of the popula-
tion can be defined as follows:

E(MFZ) = j J. (P(ql; Nsl’ N.u’ NV))
00

x (P(qy; Nsa, Nu, Nv))a[(1 — (g1 + 42)/2)
- [(g: + 92)/2]] dq, dq, (10)

E(VE) = 'u,(P(q‘; Nsi, Ny, Nv))(P(qz; Nsz2, Nu, Nv))

X (@1 + qa)(1 = (g1 + q2)/Da*dqidgz (1)
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In the second scenario, consider that artificia selec-
tion is carried out with sdlection intengty i on atrait
with pheno glplc sandard deviation ¢, selection differ-
entid ig, and effective population sze N. Assume that
a al log gene action is additive and that there are only
two dleles a a locus. Naturd sdlection is not con-
Sdered here. Then if the frequency of the dlele giving
the higher value is g, the number of loci affecting atrait
is n, and the probability distribution of gene frequencies
is obtained for populations selected divergently for
t generaions. The expected genetic variance in F, can
then be written as

E(Vpo) =B Z Uj(]j(l - qj)az (12)
where m = 2N = 1, and v; is an element in the vector of
frequencies for transition marix.

Smilarly the expected variance in the F, generation
is given by

Z iV25(q1; + q25) (1 - qlJ+qZJ)/2

(13)

Assuming independence between loci, the expected
genetic variance for multiple loci can be obtained by
summation.

Numerical examples

Vaues for the F, genetic variance resulting from cross-
es involving parental populations that have reached
a dSeady-state didribution are presented in Fig. 1. Here
N, u, and v with values of 500, 0.0001, and 0.00001,
respectively, are assumed across populations, while
s vaues differ between ,oarentd populations and a is
assumed equd to 1 a dl loci

The genetic variance of the F, progeny can be seen to
increase as parental populations diverge because of
section. At a sngle locus, sdlection in each of the
parenta populations ether favoring the same dlele or
a different alele with consequent reduction or increase
in the F, additive genetic variance form the neutra
(0,0) case. The symmetry is forced by the equivalence of
dlde effects in the F, regardless of the origin of the
dldes between the parenta populations. Once the fix-
aion or deady-state point is reached in the two popu-
lations, further increase is not possible.

Under scenario two, the magnitude of the F, addi-
tive genetic variance exBUt varies depending on the
initia probability digribution of gene frequencies in
the parental populations. Uniform (E), skewed (UE),
and U-shaped distributions are consdered. When the
dlele is of recent mutation origin, a Skewed distribution
with higher probability for lower gene frequency values
is expected. When a selectively neutra alele prevails in
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Fig 1. Additive genetic variance in the F, generation subsequent to
crosses of divergent parentd populations plotted against  selection

levels (9). Segregating locus is comon in the parentd populations
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Fig 2. Additive genetic variance in the F, generation when diver-
gently selected parental populations with different selection  coeffi-
cients (s = 0.0land -0.01) and initial probability distribution of
gene frequencies (E, UE, and U) were crossed. Effective population
Sze 10, 20, and 40

the population for a long period of time, a U shaped
digribution can be expected. Assuming that an alele is
formed due to mutation in a population, the probabil-
ity digtribution in the next generation can be obtained
usng binomid probability digribution function. In
Fig. 2, the F, genetic variance following 60 generations
of sdlection in the parenta populations (with s = 0.01
and — 0.01) before crossing and effective population
Szes of 10, 20, and 40 for different distributions of
|n|t|d frequenciesis given.

While the uniform and U-shaped initid ditribution
cases showed increases in the F, genetic variance with
increases in the effective population size, the skewed
distribution case showed a decrease in the F; genetic
variance with increase in N. This reflects the fact that
once a mutation event has occurred, the newly arriving
aleles contribute to the genetic variance sooner when
either selection pressure is higher or when effective



Fopulaﬁion sze is smaler. Compared with larger popu-
ations, theinitia gene frequency of the newly arriving
dlele remains higher and leads to a higher F, genetic
variance.

Conclusion

It is possible to generate greater genetic variances in
F, populations by crossing divergently selected parents
than by crossing parents from replicate populations.
Congdering parentd populations with no selection as
the control, progeny from crosses of divergently se-
lected parents gave 46.14%, 48.07%, and 48.34%
increases in genetic variance, while crosses within se-
iected lines showed a reduction of 77.57%, 87.27%, and
91.29% for s values 0.0025,0.005 and 0.01, respectively.
Though the increase in genetic variance described is for
a trat controlled by a single locus and is a specid case,
it does provide an indication of what can happen when
an increase in multivariate generalized variance is pos
shle, such as for a broader range of trait combinations.

Wright (1922) demonstrated the advantage of sub-
divided populations with a regular crossing and selec-
:ton scheme for rgpid improvement. Various other
studies have shown that when gene action is additive,
there IS N0 advantage in sdection response for a sub-
divided population dructure (Maddlena and Hill 1972
Rathie and Nicholas 1980; Enfield et al. 1986). How-
sver, there is condderable advantage for lower effective
>opulation Sze when the alele being favored is of new
nutation origin. Therefore, in the later dages of
1 breeding program when much of the response to
selection is derived from new mutations, divergent se-
eection and the formation of hybrid F, populations can

993

be advantageous. Additional investigations on the vari-
ancein F, populations to include non-additive gene
actions, gametic migration among populations, and
repested cycles of selection with crossing are required
to fully explore the advantages provided by the forma
tion of these populations in selection programs. If natu-
ra populations have diverged in different sdection
demes, the increase in genetic variance in a Fz popula
tion can be substantial.
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